The assembly of aligned carbon nanotubes (CNT) into fibers (CNTF) is a convenient approach to exploit and apply the unique physico-chemical properties of CNTs in many fields. CNT functionalization has been extensively used for their implementation into composites and devices.
INTRODUCTION
6 flexible all-solid supercapacitors with high energy density. Importantly, comparison of measurements in aqueous electrolyte versus ionic liquid enables discrimination of pseudocapacitive effects from an increase in quantum capacitance, both of which produce increments in electric-double layer capacitance and energy density.
RESULTS AND DISCUSSION
CNTFs are synthesized by direct spinning of an aerogel of CNTs that is directly drawn out of the reactor during growth by chemical vapour deposition (CVD). 41 By overlapping multiple individual CNTF filaments it is possible to produce either unidirectional non-woven fabric material ( Figure 1a ) or strings ( Figure 1b ). The first format is ideal for electrodes and planar composites, whereas the second is useful as a textile that can be bent, twisted or knotted.
In this work, gas-phase functionalization is carried out on both types of samples, as well as on individual 10 micron-diameter filaments. CNTFs are obtained from either one of two different precursors (i.e., butanol or toluene) to demonstrate the general applicability of the functionalization protocol, and also to study the effect of pre-existing CNTF defects on functionalization level.
Samples are functionalized by time-controlled exposure to ozone, which is generated in situ with the UV lamp of a UV-Ozone cleaner under ambient conditions. String containing 100 individual CNTF filaments.
A first indication of successful CNTF functionalization is the newly acquired hydrophilicity, which locates the CNTF in the aqueous phase of a bi-phasic system composed of toluene-water (Fig.2a) . Clearly, water spreads on and penetrates into the functionalized material at a significantly higher rate relative to the pristine CNTF fabric, as shown in Fig.2b . When CNTFs are exposed to ozone for 5 minutes, the water droplet remains fairly spherical upon contact with the CNTF, then gradually infiltrates the porous sample and slowly spreads over it. When CNTFs are exposed to ozone for 2 hours, instant wetting is observed, with more uniform droplet spreading and faster water infiltration. For reference, pristine samples show no evidence of wetting by water on these time scales. Very importantly, the treatment preserved the macroscopic fabric structure unaltered, as confirmed by visual inspection and SEM observation ( Figure S2 ) presence of holes, broken layers and other defect sites along the CNT sidewalls is a consequence of transformation of the C=C bonds to out of plane C-C bonds in the newly-formed functional groups. Such groups are responsible for the hydrophilic behavior observed in Figure 2 . In order to establish a functionalization protocol that not only makes the material hydrophilic, but also provides a degree of surface engineering control in terms of the concentration of functional groups, we analyze in more detail samples subjected to different reaction times. For this purpose,
Raman spectroscopy stands as a key technique for the rapid characterization of carbon nanomaterials. For CNTs, the three relevant signals are 1) the second-order D-band due to out-ofplane vibrations from A1g mode (c.a. 1350 cm -1 ), 2) the G-band due to the tangential E2g mode (c.a. 1580 cm -1 ), and 3) 3) the 2D-band (or G') corresponding to the overtone of D-band and resulting from a two-phonon lattice vibrational process (c.a. 2600-2700 cm -1 ). 42 The presence of SWCNTs can be also reflected in appearance of the radial breathing mode (RBM) due to coherent out-of-plane vibration of C-C atoms at 100-500 cm -1 , whilst substantial fraction of defects in CNTs usually leads to the uprise of a weak shoulder of the G-band at 1615 cm -2 corresponding to D* (or G + ) band, which is a double resonance feature induced by disorder and defects. 43, 44 Raman spectra are shown in Figure 4 . The incorporation of functional groups on CNTFs is probed with XPS measurements. Figure 6 presents normalised XPS survey spectra for pristine and all ozone treated CNTFs obtained from butanol, showing that the oxygen to carbon relative content, obtained from the peak areas, increases from 0.09 to 0.40. The presence of a small amount of oxygen in the pristine CNTF is attributed mainly to adsorbed molecular species. By contrast, after ozone treatment the observed increase in the O1s region corresponds to the formation with the reaction time of oxygen functional groups bounded to carbon (Table 1 ). Overall, XPS data are consistent with Raman data, showing a gradual introduction of functional groups at the expense of degrading the graphitic structure of the CNTF. In addition, the comparison of pristine butanol and toluene samples (see ESI) shows the latter to have a higher fraction of graphitic carbon. Defects are the most energetically favorable locations for the formation of functional groups; hence we attribute the differences in functionalization rates detected by Raman to differences in density of pre-existing defects in the two materials. In Table 2 we summarize the changes in longitudinal mechanical and electrical properties for butanol samples. We compare individual CNTF filaments, before and after ozone-treatment for 15
minutes. Longer functionalization times reduce significantly sample properties, and thus handling.
The net effect of ozone-treatment for shorter time intervals (≤ 15 min.) on tensile properties is to increase stiffness and reduce ductility, while preserving strength (stress-strain curves in ESI). This . This is a consequence of the derivatization of the conjugated system, with the corresponding binding of otherwise delocalized charge, and also of a reduced contribution from surface adsorbates acting as dopants 55, 22 . Electrochemical properties and all-solid supercapacitor devices
To characterize the electrochemical properties of CNTFs functionalized for different reaction times, samples were tested by CV in 3-electrode cell using 1M KOH electrolyte. Results are shown in Figure 7 . CV curves obtained for butanol CNTFs (Figure 7a ) indicate that the pristine sample has a low capacitance, which in this case is a consequence of the electrolyte not infiltrating the electrode and instead only interacting with the outer surface of the CNTF. In contrast, the functionalized samples show a considerable increase in capacitance, as well as the presence of a pair of peaks at -0.37 V and -0.43 V (vs Hg/HgO) corresponding to redox reactions of oxygencontaining groups. 56, 57 Longer functionalization times result in an increase of these pseudocapacitive peaks and in the overall capacitance of the sample. Figure 7d shows that specific capacitance in aqueous electrolyte increases monotonically with oxygen to carbon ratio (O1s/C1s) extracted from XPS data.
In addition to the effects mentioned above, functionalization has an effect on the electronic properties of the CNTF, thus on quantum capacitance (CQ) and in the experimentally-determined bulk-electric double-layer EDL capacitance (CEDL). These effects can be observed in an ionic liquid (IL), such as 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI), which produces full wetting and does not undergo redox reactions over a wide potential > 3V (Figure 7d shows that capacitance is not significantly affected by the presence of functional groups in CNTF). A comparison of cyclic voltammograms, now in absence of pseudocapacitive reactions (Figure 8a ), shows that functionalized samples lose the characteristic "butterfly" shape of pristine samples and have instead a profile more similar to a bulk 3D carbon. 20 Similarly, EIS measurements give a much weaker dependence of capacitance against electrochemical potential (Figure 8b) , and a linear discharge profile for functionalized samples (see ESI). These results demonstrate that functionalization has a large electronic effect on the total capacitance. This is attributed to the introduction of oxygen-containing groups producing new energy states near the Fermi level 59 , similar to dopants 60 or charged impurities 61 , and which increase quantum capacitance and thus total capacitance. Noting that these capacitive contributions are in series ( 1 = 1 + 1 ), the increase in CQ makes it less accessible, making the electrostatic component of capacitance corresponding to formation of electric-double layer (CEDL) more dominant and hence reducing the dependence of total capacitance on electrochemical potential. Finally, we use functionalized CNTFs to assemble all-solid supercapacitor devices with a polymer electrolyte, following the method described before 62 . Briefly, the process consists of pressing together a sandwich structure of two CNTF electrodes and a membrane of PVDF-HPF and PYR14TFSI, without need for a separator. The parameters obtained from CD measurements at 3.5
V are presented in Figure 9 . Specific capacitance increases from 27.5 to 43.9 F g -1 for
functionalized CNTF and energy density reaches a maximum value of 15.4 Wh kg -1 at 1 mA cm -2 compared to 10.9 Wh kg -1 for the pristine material. Considering the electrochemical results in IL discussed above, it is clear that these improvements in capacitance and energy density are not due to pseudocapacitive reactions, rather to an increase in EDL capacitance through a higher quantum capacitance. In Figure 9b (inset) we show an example of a 9 cm 2 self-standing all-solid EDLC with functionalized CNT fibers. The device is flexible and can light a red LED in the bent state. 
CONCLUSIONS
We describe a very simple method to functionalize CNTFs using UV-generated ozone. We show its general applicability by using CNTFs derived from different precursors. Gas-phase reaction conditions and the absence of purification steps permit the preservation of CNTF morphology at both the macro-and the micro-scale. The degree of CNTF functionalization can be fine-tuned by simply varying the reaction time, as confirmed by Raman and XPS analyses. Importantly, the convenient UV-generated ozone-mediated oxidation of CNTFs renders them hydrophilic and enables use of water-based electrolytes with low cost and high ionic conductivity, which are both attractive for high power density applications. In addition, the ozone treatment increases CNTF 
41
The CVD reaction was conducted at 1250 ºC in an H2 atmosphere using ferrocene, thiophene and toluene or butanol as Fe, S and C sources, respectively. The ratio S/C controls the CNT morphology, and it was chosen to produce few-layer multi walled CNT, as reported before. 63 All the samples were spun at a rate of 20 m min -1 , which corresponds to a draw ratio of 6.3 and leads to preferential alignment of the CNTs parallel to each other and to the fiber axis.
64
The functionalization of CNT fiber was done using a Cleaner ProCleaner TM Plus. The instrument consist in a high energy light (i.e., λ = 185 nm) that produces ozone from atmospheric oxygen (i.e., there is no gas flowing). Initially, CNT ropes were subjected to different reaction times to follow the kinetics of the process (i.e., 5 min, 15 min, 30 min or 2 h).
Optical micrographs were obtained with a S7X10 Olympus microscope. Raman spectroscopy was acquired in an Invia Renishaw microspectrometer (50) equipped with He−Ne laser at 532 nm.
All reported spectra are the average of 10 data points and confirm the homogeneity of the materials. 
TOC
The enhanced hydrophilicity of functionalized carbon nanotube fibers (CNTFs) significantly extends their application in supercapacitors. Well-studied electrochemical behavior of CNTFs demonstrates a promising potential as multifunctional electrodes for all-solid and flexible electric double-layer capacitors (EDLCs). However, despite good performance of the material achieved in ionic liquids, electrochemical application of highly hydrophobic CNTFs remains limited in aqueous electrolytes due to poor infiltration of water solutions into CNTF porous structure. A convenient UV-generated ozone-mediated oxidation of CNTFs renders them hydrophilic and enables use of water-based electrolytes with low cost and high ionic conductivity, which are both attractive for high power density applications. In addition, the ozone treatment increases CNTF specific capacitance, thanks to reversible redox reactions of oxygen-containing functional groups.
